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1c (1) (ONI 0iLY) A. F, JOFFE, iALSLEITER T ERMOELENEITE, Akademie Verlag-Berlin o
(Criginal German)

(2) (ONI 0i.uy) English Translation of Sections of Chapter IIvof‘enclosure xx 1.
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1. Enclosure (1) is a Cerman Languace edition of a book @—-conductor thermal elements
which was published in Russ1an language edition in 195G. Another copy of this book was .

> (a). Enclosure (2) is an English trans-\'
oB enclosure (1). N

'DUCTION OF: THIS MATERIAL IN ANY. FORM, BY OTHER THAN DEFENSE

JF THE CHIEF OF NAVAL OPERATIONS (ONI).
tx
=]
Q
-

previousiy forwarded as e
lation of Chapter ] (TAERMOEI_ECTRJ.C LE;\ERATORS)

2‘ It was amnounced in IZOBRETATEL STOVO SSR IMOSXA USSR as quoted in reference (b) that:
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ATIES IS NOT AUTHORIZED EXCEPT BY SPéClFIC APPROV.

“Researchers of the Central Scientific Boiler Turbine Research Institute Im. I. POLZUNOV
(TSENTRAL'NYY NAUCHNO-ISSLEDOVATEL'SKIY #OTLOTURBINLY INSTITUTE IM. I POLZUNOVA) tegether
with researchers of the LENINGRAD Semi conductor Instltute of the USSR Academy of Seience
desiszned a new enercy installation and called it "Thermoelectrical Generator” It is based
on the idea of¥academician A. F. IOFFE. Semiconductor elemem:s for a theroelectrical
battery are the secret of the new "Miraculous furnace . Its inner surface is lined with
such elements. Tuaey are cooled with water and thus senerate an electrie current of a tension
suitable for illuminating purposes. The power of this [irst installation equals one KW. This
would sufice to illuminate a 25 room house with 40W bulbs. It can also heat up 40 pails of
water in one hour. ’i‘he new device may prove its importance in areas that are far away from

energy sourc?s
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" 3. In an article published in a recent edition of TEKNIKA MOLODEZHI, Professor JOFFE pointed
out that it is possible to convert nuclear and solar energy into electricity. Ke emphasized
that_‘ the size of the equipment which is used to transfer nuclear energy into electricity could
be greatly reduced in this way.
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' Source- Information: Soviet Zone Germany publisher is the source of enclosure (1).

Paragraph 2 is quoted from an ATTI IR which was received on lateral dlstrlbutlon from
" USAFE. o

. Paragraph 3 is quoted from ﬁUCLEUS,a West German Weekly Newsletter.
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- Rweparing Officer's Comment:

The fact that JOFFE is mer working with the Central Boiler Institute POLZUROV in
 LENINGRAD which has a large scientific staff which are known to do research on naval boilers
* and turbines and their control may indicate Soviet Naval interest in his work. '

The mention by JOFFE of the application of THERMO ELECTRIC Generators %o nuclear potrer
is not surprizing.

, It is of interest that JOFFE states (see page 33 of enclosure 1) "It is thus not im-
possible with thé of semiconductors to obtain efficiencles of 1-15 percent or indeed more. -
j;'In the literature values of 3.3 to 7 percent are given.”

S Phe VACUUM THERMOELEMENT discussed on page 56 of enclosure (1) seems to be identical
- with the development recently given much publicity by the U.S. General Electric Co.

This report is believed to be of interest to BuShips (Code 560P) ONR (Code 469) and
OPQO22F2E. ‘

An English translation of this item may be found on page 21, of enclosure (1).
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INFORMATION REPORT ENCLOSURE (2) to IR F13-58 atd 16 Jan 58

OPNAV FORM 3820-2 (C) (CNF’G) (REV. 11-58) ,( 3:

E .CLASSIFICATION . FROM } REPORT NO. DATE
¢

UNCLASSIFIED CINCNEIM REP FRANKFURT, APO 757 F13 58 16 Jan 1953

SEMICONDUCTOR THERMOELEMENTS by A. F. Joffe (English'Translation)

ChapterXX II.
THERMOELECTRIC GENERATORS. .

6, - Enerpetic Bases for Thermoelectric Batteries.

. We consider a thermocouple (Fig. l)*consmtm of a p-type conductor (1) and a n-type
conductor (2) joined by a piece oi metal (3). A load resistor ﬁ( takin; up the electric
energy sroduced by the %® thermocouple is connected to the cold ends, When is the
potential dif{erence at the cold ends, the power produced by the thermocouple is
and the amperaze is [ = ///

. n
' < _ " “The thermoelectric force which in our case is equal to the sum of the thermoelectric
: force of the two branches is designated by X °

pa——

The hot soldered Jjoints joined by the piece of metal have the temperature / , s the '
thermal energy bein: supplied by a source having a hish temperature. The cold ends have
the temperature "TD that is a littie higher than the ambient temperature or the tempera -
ture of a special coolin: device.

. The internal resistances of the two branches we designate by f, and WL. s their

. thermal conductivities by {<‘ .and iz o Namingz the mpmEkkgx specific resistance s the
specific thermal conductivity X and assumin . equal 1en"ths ﬁ for the two branches,
CA furthermore denoting the cross-sectional areas by A) and s we have:

/
K= K +K = (%5 ”&5)2@*

—-—

hw‘]?he Peltier heat given off and/or taken up at the ends of the thermocouple can be
caleuléted with the help of the zeneral laws of thermoelectricity, just as can the thomson
. Heat p or consumed within the bars. Also, we compute the heat transferred by con-
. duetion,frofiithe hot ends to the cold ends and the joule heat produced by the current.

" Then we can determine the useful electric energy supplied by the thermocouple. All
forms of energy are referred to a second and the power is expressed in terms of watt: The
purely thermal magnitudes are expressed in terms of the same units,; e.3., the specifie
- thermal conductivity A in terms of watt/degree centimeter rather than in terms of calories/

_ degree- centimeter second: 7 LL » (/C oo LJ 4. 19 oA [Wa /C Cont \CCJ - ‘;;
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The thermal energy taken up at the hot ends per second is:

—

Q;: < I T

1

" The power delivered by the cold ends is:

G = - LT

ﬁ‘ ' The Thomscn heat produced in each bear is according to | "
, T

o D 0 = th Jj T J7

. - , 'T;

" When o ﬁas equal values at both ends, then [} = 0 o

The energy xhx conveyed by the heat flow in the two bars from the hot eénds to the cold

ends per second is

Q = K(7-7)

W

|‘: o . The power produced in the two bars by the current is

. —2,
\/ Q - J I'Q
i
i> " The useful power supplied by the thermocouple is
Ww=1"K
 The current is - - — >
o o K+ 0
1 . PR
“ | . Q= o« g />«‘Cm+1)
. ' With the notation ]7 vt € 0L'4(fﬂ" PR <%
| | N e T T,
. v / (va+1)
. . ‘ " . [ cLassiFIcATION
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-—

S . 2 ___ _ {
. . we obtain /
o Q: ol ! (//'_"0> C(ua+)

2 [ — \* A
W = o (/‘ - ]0) O Cnarr)®

For the time bein: we ne:zlect the Thomson heat which is m small with reference to the
. % other magnitudes and therefore have written J( = N = e
[

. When X f A, s X in the equation for the efficiency must be substituted by the mean

“_—value of the two ends X = (ot * & 0) :’,:" when the Thomson heat is taken into mmRR® considera-
tiono - )

0f the Joule heat I I" produced within the thermocouple one half is transferred to the
" hot soldered joints and is refunded to the source. There remalns a power 3 I " that travels
to the ccld soldered Jomt.

The efficiency -'7 is defined as the ratio of the useful electric energy I ziZthat ean
be consumed in the &xkmm external circuit to the energy supplied by the source of heats .
"This energy is composed of the Peltier heat CQ, » the quantity of heat « that is conveyed
to the cold soldered Jjolnts by conductlon, minus the electric energy > Ilr that is refunded
to the source of heat.

Hence we have . : \/\/

) \\I : | }7 = Q! N QW _ ‘iL I;Z‘/,_

A

' : - 2, & |
1 ‘ o A (1 -/, >L-§;‘— (a+1)% _ N
= - ‘ / —\ J(T-TY
AT (T -T)F +KC"7"’05-’-"< T

(V!/\ff/) 2 YW(M/(,}_/)L‘

. //y]
- -7 W+ !
' — 77 / v, i
» —— . T T
] [ + Ky i+ T e
/ . = ey - / - MXI +
<= T 2T !
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Consequently, the efficiency of a thermocouple is completely determined by
a) - the temperatures of the hot and cold soldered joints,

b) - the magnitude /( which depends on the propem}les of the matemals out of
‘which the thermocouple is made. This magnitude we denote by = ¥~ so that

()/ -
A

Z =

% =Ry . S

- % K

c) = the ratio - /vin = !\/y”' :

, | pe 7 :

. In order that for given values of ™ . >~ _andma ratio M1 tne efficiency becomes a
~~* high as possible the cross-sectional areas~4;:, and”%,, of the thermocouple must bé so chosen

. to be the most faborable, i.e., that for the given values of*%"‘ and /d the produet K ¢
" becomes as small as possible, : -

_In order to find the minimum value of } N we differentiate

<f (XA + X, A >(ﬁ—+L> . +7¢/L%_%/;

‘ /’r
with respect to %L and equate the term thus obtained to zero, We find

: A, ‘
“ Upon thls selection of /i) thére is Z. , 1
L= — _ : . : ,

Ky (/>< + [%2/1 )2 f

In this term there are only contained the properties of the materials of the two branches
of the thermocouple; but not their size: ' : ' B
!
: Il .
{ .
1\aow & we determine the ratlo—/F - A1 most favorable from the v1ewpomt of eftieiem;r,‘ IF
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we want maximum power, this. gk rriamd £%s in a® any other source of current - leads to the
condition K=1 or m= / , &

Ly

2

H y _{ «./ 3

the maximum efficiency’ is 1b“grﬂ’.a:med,, however, when we put —;1-1 O ; after some elementary
. {

-computation we find 1‘&' 1 !

o (") M //%;L‘Z(/-f—/,,)

wherein 7. (77 + T‘;)and /"l are dimensionless numbers.

: .
Lo By imgmmimmxt introducing this optimum value of /1 = /1 into the term for the
efficiency wes obtain ’
' 7 - T (V7
] M+ ==

Ty ! ]

- wherein the first factor represents the thermodynamic efficiency of a reversible machine,
while the second factor indicates to what extent this efficiency is diminished by the
_ irrveversible losses caused by heat conduction and the Joule heat which are contained in the
. " expression for Z o

The greater 1 is than unity, and hence the greater as@ £ and 7, + 7y
the lesser will be this diminution of the efficiency. Consequently, by increasin: the
~ temperature T3 of the hot soldered jeint {’/ is increased not only because of the greater
efficiency (7, - 7./ 77 of the reversible machine, but alsc by the simultaneocus increase
of /M- with a given value of Z. . '

This formula also indicates clearly that only one condition must be met by the material =
out of which the thermocouple is made in order that maximum efficiency be attained: the
maximum possible value of Z which is compatible with the mzxm maximum temperature 7—, of
the source_of heat must be attained or, in other words: the maximum value of the product
z(T,+7, /7 that is feasible for the given materlalo

If im the term for ’7 we had meglected 2_ l— f against O *’Qw s we would have obtained:
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Mzl +T =z
:‘7 = 1,7 -———-——-—‘/\//I‘ L
) 7, - 17/ _
- The value /) is almost identical with // , provided /) is small. FPor instance, for
T =boo’k, To=300%0d Z = Zx g “we have Nj - [, 3% A=/ 9SG, p =0 0/
yl= 0077
' 1

' The dependence of # and A/ on the product 7 Z (T, + 7:)18 plotted in F'ig_rsi#Q and 3 and-
. computed in Table 1 for 7, - 4ok, 7,= 300°K , hence, (7,-7,)/4 =O.SFigh 4 show the
" efficiency 7 (per cent) as & funation of 2 and 7, f&# /
S . - P -
- Exponential functions of &7 and ¢# can be used for a rapid though less accurate estimate
; of the efficiency of a thermocouple. For 7/ >3 Kthere holds: R

) PR G ¥
7:4’.)»{/0 //Zz’g

In the subsequent ® table these values are compared with the precise values o

N LR T

i//f%(?fi) +

PR ‘ S S T o ' :
. mkghm within the interval fo<2< L//%nd 4 90"57".{ N2CRS (last ‘column in terms of percent). |
' ’ The following formula ,

i

i
i

A .
RGN = txeo™ T2

- c — — A O
~ can be applied with a maximum error of 15 per cent within the narrow limits so00L T / < 8oo K i
and "/, S 10"K 2K 4. /073 ;

7+ Materials for semiconductive thermocouples.

N "' We shall now deal with the materials that are most £xkme favorable for thermoeouples. !
First of all it must be stated that because of their relatively Xamx3xxx larsze valué of
X 'szmiconductors have decisive advantages over metals: For most metals we have
oK< /D-/D'f’,\..v/"KA,The ratio of electric % conductiveity U= to the thermal conductivity #— in
all me;tséls_ is close to the theoretical vaiue derived from quantum mechanics ;
BRAY i . - -
. 7k See )OA ei/g—égvté 2\7_0
G(Sé/g;” /Q’i‘é/ 0\(‘;3 | LA ,:g\l G—ﬁ"(‘wta %

>,

i
7
B
|
i
!

S ) N
Ol . CLASSIFICATION,  §
o

, 7’ | UNCLASSIFIED
) —— — . TS
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— L L N\% P = g— : —
% = %-7: (é‘) T = ’nyq /0 / (Ld!(i(./éh/taullm"’"\faml Law)

For a mean temperature of T = SOOOK there is
' N -
- £ 8.2 X0 "

and for T, = 700° K, T, = 300° X we obtain
) X b e
f7 = §.,5 X/0 = 0,085

o For the most favorable markx pair of metals, bismuth and antimony, wez have
v

 a= Soxwt xp - Fxw b z2 2.8x07 T L500°K T, 300K
ol ; g = /. # 70 o

In m numerous semiconductors z can attain or even exceed the order of maginitude of
1077, .Then becomes almost equal to 10 percent. Also, there exist semiconductors with
a hizh » melting temperature permitting high values of 77 o It is not impossible, there-
fore, to % attain efficiencies of 10 ...... 15 percent or beé;%er with the 3 help of
semiconductors. Values of U ranging from 3.3 to 7 percent mg stated in the literature.

: Z
The higher is the value of Z = ‘X// 2 of the individual branches of tie tliermocouple,
the greater will be

"
CC)(., + X 'z.)

=l - AT

by which is defined the efficiency of the whole thermocouple. It is not possible; however,
to state the interrelation between the value <Z of the whole thermocouple and the =,

and Z 4 of the two kmaxsk branches in a general form. In som es we have for £, =2z
simply 2 = 2, = Z, ; for %% =% fthere is 2= & (2,+Z,) " 7J2,%, 1If, as for the best

semiconductive materials, (see below) one has o(’ N 172 A Vo s there holds

H _dzoz,

L+ L) N s
jz,  [z. D .

zZ =

: ' S
With the help of Eg. (21) the correlation between X and YV = 2 can be determined in
semiconductors. A linear relation between % and /0% 7 can be expected with constant
temperature and the assumption that the mobility remdins virtually unchanged in case the
concentration is chanred: ‘ - N -9y 0-’-/ e T
’ O(,:C—‘gé?ﬂ/()'e/aj‘f_o—“ ¢ -2 /j"‘
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The value of C depends on the temperature T, the mobility and the charactér of the
chemical bond of the semiconductor.

On the other hand ¥ is related to ™ . The thermal conductivity X of a semi- )
conductor is composed of the thermal conductvity of the electrons X, and the thermal
conductivity of the thermal oscillations and waves (they are desisnated as the thermal
conducthlty of the phonons X ., ): ,

)/ ’X + X‘a },.‘
P
‘-~ The first of these magnitudes is correlated to the electric mmm#xr conductivity by,
' the law of WIEDEMANN - FRANZ. Yet, only for very hirh electron concentrations >Z 5x 70 G5
~in case of dezeneration is the factor of proportionality identical with the value

that holds for metals i 2
_ T ( K\ +
= z w‘&

W:Lth lesser concentratlons as they usually hold in semiconductors we have

' 7<€’ . {ﬁé\\ Y\,I‘N - (:'\ 19 :;;\ ( '( ) - / L/g /O 2 K

__for room temperature T = 293°K we hence have
.___~X<f' = Y 34 X/o‘é v

T ) “K

~t

In other words: /?nductJ.v:Lty of 1,000 ohn 'W is equivalent to a thermal conducti- i,
Vi -3 . .

vity of 4,35 «0™F Va0 or L0 xpE Sela oL,

Fig. 5 in which are plotted the results of measurements xXm=keaxe illustrates fermulae
- (36), (37) and (38) for a semiconductor whose mmmdk conductiVj)tw has been changed by
varying the electron concentration. ( 5:c¢ Goverrut oy g ol ,

o -~ -t ~f - o ﬁ_“ T
For 0 < 2500 bul'cw the electrons are not yet desenerated: The X« / o o
Beyond o = Y000 sl 'cut  the electrons are rather strongly degenerated; and in this
region X, gradually approaches the value Xprm 1.3 X¢ O'(’V“ 4

The law of WIEDEMANN - FRANZ describes well the corrélation between the thermal con-

ductivity X, ; @and the electric conductivity U™ only for such semreomamahmsmn WHich

h— // -_  UNCLASSIFIED
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the carriers uniformely are of the same sign. If both kinds of carriers are present
simultaneously, a steady flow of carriers is possible in the direction of the temperature
gradient and & strong increase in the thermal conductivity )(e,occurso

In analogy to diffusion and thermal conductivity of gases the phonon's share in the
thermal sxnﬁx conductivity X h is described by

7K‘?& = *é{ C ;K

whereln c is the speclflc heat (Joule per degree and cubic centimeter), # is the sound

 velocity (centimeters per second) and ) 1is the mean free path of the phonons (centimeter).

In most semiconductors these values are within the follow1nw 1i%éts. 5
. _L
[ 2 &Sl , 2 1oL L5 oY aad OV £ TS 3 10°
¥ ) 4

A semiconductor's thermal conductivity 7th also depends on the mobility tt of the
electrons and, hence, on the electric conductivity, as the mobility can ke expressed in
terms of the mean free path { of the electrons.

A theoretlcal £ treatment of the dependence of thermal and electrical conductivities on
temperature is zmm omitted. See original German.

The interrelation between thermal conductivity and mobility, which is of very great
significance m for thermoelectric applications, has not yet been studied emrough. It can
only be stated that condiétions are more favorable in heavy elements than in light elements.

The thermal eonductiv1ty of a thermocouple is of great significance not only for the

‘efficiency but also with regard to the size of thermoelectric batteries and the fmsxx design

of the thermodynamic installations by which heat is conveyed to the hot soldered joints
and carried away from the cold soldered joints.

In order that maximum efficiency is attained in a battery of a given composition the
temperature T, of the hot soldered joint must be maximized and the temperature To of the
cold soldered Joint must be minimized. By this requirement is determined the temperature
difference T. - T . The smaller is the thermal conductivity Y s the shorter can be the
thermocouple, i.€.5 its length

T\’U\Vt_)(k" rate ¥,
a=duestty=r (defined as the energy passing throu;h a cross section of,g
square centimeter per second) flowing through the thermocouple is described by
- . *7‘ f7"
S ' 7 = 7( 7

AR T P N
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A definite vélue of ﬁ can be énsured by appropriate selection of § and -conversely-
with a ziven heat-fluxdensity the lensth { of the elements of the battery is given by

. the thermal conductivity X .

In customary thermocouples with an efficiency not in excess of 10 per cent the majority
of the heat produced by the source is passed to the cold soldered joints by heat conduction. ¢
The power required of the source hence is primarily determined by the power of the heat g
flow that is conveyed through the two branches of the thermocouple. The electric power that
can be generated by the thermo- battery can be described by ¥ Qvu wherein (Q = f//~l (His
the cross-sectional area of the battery): w

= < ~‘:!/l\:"{'..._l;
},\/-‘7/,& )7 7 A

_The xmx" power generated by 1 cubic centimeter of the battery (specific power) is:

J o L
“."'-.-u):”\ijq 1'-. 7?({11‘” O) /0:

)

% or, With ;9,‘;1‘!»&1"& heat flow g
w= 973

The smaller is the %xmm thermal conductivity, the shorter can be the thermocouple in o
order that a definite temperature difference is set up; or, the greater must be the heat . ‘
flux density with a given W, With decreasinz length Q) the specific power increases as -

'/197— and the heat-flux density as -« i//Q o

Finally, the thermal conductivity also is the decisive factor in determining the stress -
and deformations occurrin: in the battery in case of non-uniform heating.

We denote the linear expansioﬂ_icoefficient by p. DBecause of the temperature difference
T. - T between the hot and the céld ends the linear sizes which were equal upon manu-

facturg will change by the length- JE— P
A K = /’( by }o>

When the elements have the length 1 the bending that each branch under:oes undgg the
action of the ® temperature gradient (T1 - To)/l will have the radius of curvature

-/
- pCT T
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"3_,"-"'5-"‘”? —— U A . .
For instance, for p=2x(v & per degreel] 7 -7, =300and Q= 0,6 ciuem we find
R = /66 em

Due to this bending a formerly plane surface of the hot soldered joint that is in close
contact with an edze will travel along this edge by a segment

' - PC 3 9(7:’ 7o)
AXT 0 = P AL
¢ 2 R ZX

With the above values and a cross section of the branch of )OL: / OCWLR%E second edge
will deviate from the plane by &L= 0,5 cm; when the median line of the cross-sectipnal
plane is fixed, the mg= edges mk to the right and left of it will deviate by 2.5 millimete -,

If the free bending of the battery is impeded, however, the stress may cause its destruc-
tion or, at least, the formation of cracks. The stress is the more danzerous for a siven
temperature difference '1‘l - To’ the smaller is & and the greater is P.

Eeretofore we ¥ have assumed that our thermocouple was made of semiconductors with a
p-type conduction in one branch and as {-t-type conduction in the other. Yet, if free electrons
with the concemtration !/~ and the mobility (/. are present sinultaneously with holes
with the concentration /) , and the mmbk mobility U Eq. Z: must be substituted by

3
- y KT :
_ K nou +/ . Z.[l’ﬂ Wi. K G‘IO{_ V]_]
K= =7 [ A+ oy 03 e )
3 / 7(1771/(/(* K-/—)jz / - .
— ' LA + log AT 7*’ — CJ((’_M] e
-+ -+ je" /t,),) J ?
Cov o QLQWNQ(LT P C wa”ec,k,\;(@gfaf wlﬂﬁuw(' J':»-(,fd/s VT
oo = Thew suce obloiws v to Thoved! force

@'Vu:‘ 1( (:\i";u VM‘_" = AT =

X = E‘«g(‘“"7«u_., -1, U_,)J;A +-«/Ojé
T -

227w T RT )T ;

431 J

For <, = h, U, there is ®= O ; in general, semiconductors with a mixed mechanism of
conduction have much smaller values of X than do Hl-type conduction semiconductors with
charge carriers of uniforms sign. Semiconductors with a very great radio u %.1 + form an
exception. For instance, in InSb this ratio is greater than 80, The forbidden zone must
not be too wide in such intrinsic semiconductors in order that sufficiently high concentra-
tions n ocecur, o %

o o e b e

Until now we have not considered the Thomsén heat that is produced or consumed in the
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two branches by the current because of the temperature gradient( by 0)//@

If the maximum condition for m,z o~ is fulfilled in all parts of the circuit and

A there has the k constant value I 172 microvolts per degree, the Thomson coefficient
"}"r o and, hence, the Thomson heat disappears. If this condition is not fulfilled and

“=+y the effect of the Thomson heat max causes a cahnge of <X, at the hot scidered
joim and we must put:
o, + oy

A= 2

o No#/a clarification is required as to the values of the magnitudes A- and / in
lif; 30  when the temperature T is varied, as they are functions of the temperature obeyir

the relationship. ’, J
/

>

Upon transition from T, = 300 Kto T’, = (e -;l‘/we bave ax variation of & by about the factor
2 and of ¥ by a factor 4 to0 5, ‘

_ X is not the mean value of A , but the mean value of its reciprocal s the mean heat
resistance ‘/7{ must be taken that is increased in direct proportion with the temperature:

_ 2
S
' * =

+

It would be erroneous to assume that X was identical with the value ?C, at the hot
end with the reasoning that we are only interested in the heat loss caused by heat con-
duction at the hot scldered joints of the thermocouplp When X is a function of the
temperature, the temperature gradient at this hot tud is not equal tc T/ o In
the steady state the temperature gradient in the branches of the thermocouple will be suech

that
~ (bf’”) s Lo

‘X being given by Bax. Eq. (55).

With resard to the mean specific resistance be must, in order to determine the value
/£ oeecuring in the formulas for Z and f) » B know the temperature dependéncy of)L and

the distribution of temperature alonz the bara This distribution
CLASSIFICATION
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consequence of the temperature dependency of the thermal conductivity X and/or its recipro-
cal 1/41 . As }Gx ~s 7 +the distribution of temperature alongz a cylindrical bar can be
described by the formulas: : -

(>
dT. Cdx, T=T " =
T-o 4

et
[og =P

o )

R

L
B4

wherein x the distance from the hot soldered joint.

-
When, as in most semiconductors, /o (7) can be described by the formula /J 7z CfMd_«

we have - ~
[’JX f’(T)":Q y p r -
/ / ° - E__r____.m’_/-f’r’,a:/t Com\f‘(TV’C{/?—-\/"
T ¢ 7 -
T

Y /Q i Xy

7
I B PRy
Lol Lews ( =% 7 Z

X

IS

= ;;:-" /Oj :;—;; (/*', “ﬂ)

and in the zeneral ca.:e for an arbitrary / (T)

ﬂC(/f/J )—L—Jf

‘ e

{ L( . ——
£, (20 (<l /‘ T & delecuine w7
7 <y Zis expressed by the three magnitudes and n. It

* has been proved by experlments that the concentration or can be varied to a great extent

i . - by the introduction of foreisgn substances into a semiconductor or by deviations {rom the

) precise stoichefmetric composition of the basic lattice without any noticeable concomitant
change of M™%

Foreim substances do not only chanze the concentration but they may aiso chanse the

v sign of the carriers. When the excess atoms or foreign atoms enter into the lattice in an

' ionized condition they give off electrons to the conduction band, producin n.type conductiono

. P-type conduction corigzinates when the foreign atoms attract electrons freom the valency band. -
Por instance, in PbS X n-type conduction is produced by an excess of lead and p-type conduc-
tion by an excess of sulfur; in either case the carrier concentration is increased. In the
semiconducting Mg Sb, an excess of masnesium produces n-type conductinn, an execess of anti-

‘ mony prg%%es p-t§pe conduction while the electric conductivity is increased from /0 to

: 0.1 andfér 1 ,0Q0 per chm and centimeter. In cuprous oxide Cu, 0 excess of oxygen or -which

is the same -~ lack of copper increases the putype conduetivity from /0 7 up to !D'l

per ohm and centimeter. CLASSIFICATION
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In all these instances atoms with a low X&m ionization potential which can readily be
deprived of their electrons in a vacuum (e.g., Mg, Pb) also give off their electrons in
the crystal thus increasing the concentrationof the free electons. The atoms of electro-

- negative elements such as O and S that readily form negative ions when in zaseous state

® become the source of a p-type conductlon° It can be assumed that lonic forces excel in
these types of lattices.

There also exist semiconductors, however, in which the electric conductivity is increased-
by an excess of any component in that only carriers of one Lind characteristic for the '

.respective xuhgkars substance are produced. Among these semiconductors we have ZnSb in

which the p-type conductivity is increased by an excess of zinc as well as of antimony;
the sign of the carriers remains unchanged. There are smmk numerous semiconductors in
which, as in ZnSb, the sign of the carriers remains unchan:ed irrespective of which mimg -
substances &% are XRim introduced.

In semiconductors with a pure valency bond the si;n of the carriers produced by a
foreipn substance depends on the number of valency electrons of the lattice atoms. For
instance, germanium and silicon are of this kind. Here to any chemical bond between two
atoms each atom must contribute one electron. When an atom of the basic lattice is sub-
stituted by an atom of a different chemical nature, the latter must contribute to the lattice
bond as many electrons as did the other atom. In case the foreign atom contains more
valency electrons than are required to this end, the excess electrons go into the conduction
band. In case there are not enough valency electrons, they are supplemented from the
valency band leaving a number of holes there.

Ge and Si each have Lmmm form valency electrons per atom that saturate the uX valency
mrm bands with the contiguous atoms. Hence, the elements of the first, second and third
groups of the periodic table, which do not have enough valency elections, produce p-type
conduction, while the elements of the Rkk fifth group produce n-type conduction. ~

It is important to remember that this rule only holds for the substitution of a basic
lattice atom by a foreign atom. For foreign m atoms located on kmkmwm interstitial posi-
tions and there causing local distortions of the basic lattice the sizn of the result and
mxpdwrkkis conduetivity essentially depends on the electropositivity or electronesativity of
the foreign atom. In these cases it can be amkimmk anticipated that a n-type conduction
is produced by the elements of the first groups of the periodic table, while a p-type
conduction is produced by the elements of the sixth and seventh groups, just as with ionic
bands.

Hhade - ...

-
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5
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Pinally, a foreign atom may take its position in distorted regions
and in vacancies that as a rule originate due to different rates of
~ diffusion of the components. In such cases the electron mobility usually
is increased, and the eign of the conduction depends on the local con=-
- Gitions. -

The addition of foreign atoms or any di¥iation from the precise co
‘stoichejpmetric composition of the compound also affects other properties .
of the semiconductor: As a m rule, the mobility of electrons and holes

4 and the thermal conductivity are decreased. In both cases this can be
- ascribed to an increase in the concentration of scatter centers.

~ If the scatter conditions were ® equal for eleetrons and phonoms thé‘
ratio of the mobility u to phonops' share of the thermal conduetivity )
would not be changed by the addition of foreign atoms. In that case we ™ -

had mamexi Ko ,/[1. = Cou ‘J’au feo

‘m In fact, the scatter conditions are different for electromg then for
phonons, however. As a result, Xpucannot be assumed to be inm direct
proporticn to the mobilitg u. For instance, for-C (diamond}, Si, Ge,

Sn the mobility (900, 1,200, 3,600, 5,000) is increased while the thermal
conductivity is decreased (5,453 0.263 0.14).

‘. B Negligible additions with concentrations smaller than 0.1l per cent ;
' - 4o strongly decrease the mobility in Ge, while the phonoms® share of the
i thermal conductivity becomes halved, e.g., when 3 per cent of silicon

are added. ‘

‘ ' The sddition of various foreign substances to semiconductors &m is

f - the most important means which we have to change the properties of thes

| . semiconductors « ,o", ¥ in a desired way. It must be kept in mird, -

' however, that not only is the concentration n of free carriers increased
by the addition of foreign substances, but also is the g mobility u de-
creased to the effect that the conductivity 0 is increased slower than
is proportionzxx to n. It is true that the electrons® share in the '
thermal conductivity is increased by the addition of foreign substances
just as 88 0" . Yet the phonons® share is decreased mim simultaneously.
When these conditions are taken into account it is found that the maximum
value of o407 gecurs with values of the thermo§_ 2 force close to
172 microvolts/degres. ecivie

Poreign substances in semiconductors do not only affect their
electron concentratian, mobility and thermal conductivity with a fixzed
temperature, but also vary the dependency of these magnitudes relative
to the temperature. _

. The scatter centePsi“produced by foreign snhxtnykxﬂ‘ﬁnb&tanceagw‘gwfiwu?
diminish the tharmal conductivity in a semiconductor and effect a slower
rate of increase of the thermel resistance |/  with

. ) . CLASQ!FVCQ"I'ION
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! P
These facts are xm illustrated by Fig. 12 where two results of measure-

ments of X are plotted, one for pure lead telluride (Curve 1), the other
for the same material with ample doping (Curve 2). Once the thermal and
electric conductivities of the twg substances has been messured through a
temperature range from =40 to 300°C, it is possible to compute e/ with
the help of the law of Wiedemann=Franz, subiract it from X and thus find
the phonons' share X, of the thermal conductivity (Curves la and 2a).

The diminution of the phonons® share of the thermal conductivity
caused by dop%ﬁg is illustrated by fig. 12, With 50°C X,has been halved
EEFBEXRXTXRXXTXAXTBEXIAXREXIVXXREY (from /. 2x/0”3 40 L/ x ;073 ). It is
also seen that in the pure substance &, ;is decreased approximately in-
versely proportional to the absolute témperatures SN

e (5w;t) _ -
= 172 ‘
o 11 (300°C)

while the ratiop of absolute temperatures is

TI3°K 1,78
323°K

For the doped semiconductor conditions are quite different. With
the same ration of absolute temperatures we here have:

(56 ) o
Ko i /05
/XVM(SOOUC>

This slight decrease of ¥ 7Qw4 with increased temperature indicates that

the scatter of the phonons by the foreign atoms (which is in dependent of
the temperature) is much stronger than their scatter by thermal fluctua-

tions (i.e., the interaction of the phonons with themselves).

The decisive factor for the electron concentration is the ionization-
work AL of the foreign. ‘Atoms in the respective substance or, in othér
words, the engergetic distance of the electrons of the foreign atom from
the edge of the forbidden zone. /

If the energy term of the atom electron is close to the edge of the
conduction band, n-type conduction will result; if the atom produces a
term that is closer to the edge of the valency band, electrons from this
band will go to the foreign atoms and p-type conduction will xEmut result.
Denoting the energetic distance of the foreign atom from the edge of the
band by 44 and the number of foreign atoms by N we haves
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The energy &L depends on the ionization potential of the foreign .
atom and on the dielectric constant of the base substances. For hydrogen-
- like atoms embedded in a medium with the dielectric constand the
~radius of the first orbit of the Bohr type s

— 015’3675 ,/ogccv1

With an £ in the =# order of magnitude of 10 or more, r is much
greater than the lattice constant and - without any great error = the basic
-lattice can be regarded as continuous. Then we have

= i . 135 /
A' E B E.‘L - ”"‘—""‘51— 6\/ _ A o

- Foreign atoms on interstitiary positions do as a rule produce a greater
distortion of the lattice than those that are on regular positions. ®kmkx
this holds especially for the region which contains the principal share of
Coulomb's interaction energy of the ion with its environment. Therfore
%ka the above formula must not always yield a correct A & with a con-
stant & » in case the foreign atoms are on interstitiary positions.

The tempe%?ture dependency of the electronic share of the thermal
conductivity 7~./ 1is described by the law of Wiedernann-Franz:
~ = 17210 T T

et

When ¢ increases with the temperature (as usualiy is the case in -
semiconductors with a low electric conductivity), X- increases more
rapidly than in proportion to T. : ' ’

In semiconductors with a low specific resistance as they are preferred

in thermocouples with a high efficiency or remains almost constant through
"a wide temperature range, while the mobility u is decreased as the {eup-
ereture is increased. Consequently, Y is decreased in proportion to the
tempera ture F more rapidly than with 7 -/ ; therefore in these sube
stances ”Xé, decreases in proportion to the tempera ture.

In pure materials without foreign substances the mob%}ity is gecreased
as the g;mperatu e is increased in accordance wit UT e =coug

2

or u T %z ceus + Consequently, with const: N,%will & be decreased
with increased temperature either in proportionto 7L or to 7 T %,

U AKX X{ARAFIHIN X XS RBESK XS XX S KIRKK X FaK XK Y mmm i kX w x x
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Under conditions as they are usually found in semiconductors
thermohatteries, namely, when electrons are produced by foreign atoms,
cases may occur where the foreign substance is the essential cause for he
the scatter of electrons and heat waves. In comparison with the scatter
by foreign atoms (which is independent of the temperature) the scatter of
the heat waves by fluctuations in the Brownian movements (which is in
proportion with the absolute temperature) is insignificant. Hence, in such

doped semiconductors the phonons® share of the thermal conductivity will vary

only little with the tempera ture (see Fig. 12, Curve 2a). As has beenmxxx
mentioned earlier, the temperature dependency of the elctrons' share of the
thermal conductority is given by the temperature dependency of the product

I,

~ The scatter of elctrons by ionized foreign atoms is the stronger, the
smaller is the velocity of the electrons; in non-degenera ted semi-
conductors the mean electron velocity is in proportion “ith/7 . In
semiconductors in which +the mobility is conditioned by the scatter

by ionized foreign atoms (as is often B the case at low temperatures) the
mobility hence does not decrease but increase as the temperature is in-

creased. When the scatter by ionized foreign atoms predominates, this also

has another siginficant effect on the thermoelectric properties of the
semiconductor: the dependency of the free path ¥ on the kinetic energy &
¢ in that case has the form - .

| /Q " E?ﬂ

the constant term infiﬁle) therefore assumes the value 4, and the
/fprmula for the foreign conduction of uniform sign now reads:

2
I\ br 2(2771/[/1&[(7')%'“
xR logq. =
o = = L_W + 03c 7 m

- for the optinum value

w1 ) pV e

the eXmzxxam electron concentration n must be greater than when the first
term in the brackets is 2. ’

It is true that the mobility is decreased by the addition of a
foreign substance; yet, this effect is overcompensated by the increase
of the electron concentration. Hence, wk with equal X the electric
conductivity and x* O” are greater: As the thermal conductivity of the
phonens ?%h is diminished by foreign atoms, the value z= ®*J /X

S S SR
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will also be increased by the introduction of ionized foreign atoms,
provided the number of ions is great enough to be the principal cause

for the scatter of the electrons. =

Frequently the concentration is increased to such an extent by the
incorparation of a great number of foreign atoms that produce free charges
of foreign atoms that preoduce free charges of a definite sign, that a de-
generated system originates. With increased concentration « 1is decreased,
yet in the degenerated state this decrease of 2 with an increased X occurs..

~.more slowly than in the mamsg non-degenerated state. a

In z case of degeneration the optineum xX value of « must be found by

 _ g graphic method using tables for the functions Fv (“ 7 . In case
' of strong degeneration Al Z A the semiconductor can be conceived
™~ as a metal with a low concentration of carriers afid o The minimum
- zzrien conditionzxx - : :
i X ol IQ
o , L S+
= Sk A

o

in the‘genefal case leads to the dif.erential equation

) 2 (& +J_8__.>
.-J oA » RS e X [JM

4

, oo Kk
= T and 553:? / o depending on

~

(

"/ “wherein & may assume values between 2
: \g/the‘degree of degeneration.

o

. Ky , .
~~ Por a given ratioh 4%ph the value * oxt can be determined with
the help of a graphic representation of the relation x( /) .

. Having put forth some considerations for the selection of materials
. for thermoelectric batteries let us now study a few special problems,
- gkxEm& giving numerical values.

Ye have seen that, upon optimum =miEx selection of the conditions, the
efficiency of a thermocoupde depends on the mobility of the electrons and
ihe thermal conductivity X pucaused by the phonons within the interval
Iy, 7, o HNaturally the.entire specific conductivity'7i is greater than.
its electronic share X _,

Let us assume that we had maxix materialized the conditions
oLz 172 /e g2 T for the atomic lattice and had selected the
values §x/.-3 /o~ and 2xv * for Q?A o '
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o

Furthermore we assume |, = 500C, The xX values for zand 1) resulting
from these conditions are* compiled in tablés 3 and 4, (4! Foguves Lo e 3D

In table é;ﬁe furthermore state the optimum values of the efficiency
for low»temperature sources of heat 7,-373°~ as well as very~higho
‘temperature sources of heat /500K, assuming that 7, - 3vuk, X, = /"%

cnd e %ooatm,dﬁncln all case. Frn

Here now are the speclfications of two thermoelectric _generatorss

= 370%k T, = 300% 0O = /too o‘,duwf( W 2 e X, Texeo?
/ . [) </
_ * o= A )O/J. VS 2z = 3./ xro”"” 7= 3.6 ¢ Y
e T
:2) T, a kol T2 30t T jeoe olia ol Kopls 15 Y

In order thatA = 430 anﬁ#br 295 microvolts/degree is attained with

- an electric conductivity of o~ =/t per ohm and centimeter, fthe mobility

nmust be very high in these two cases, Unfortunately only a few materials
are known in which such high mobility coincides with a phomons® thermal
conductivity belowZ- /0 watt/degree centimeter,

More consistent with the properties of actual materials are tknnxnxxx

these condltlcnsg*_ R -5
3) 1 st L o0 )/\ , /L' = goo K / O = /OOO/ x(}(.\ < ’4. ; &/ 7
O(:QOO//LM;//‘/‘/C/"" =/ /0 -3 , o= § 2%
In the latter case’ 04wou1d amount to 225 mlcrovolts/degree. With the
same mobility we then have T = 79 ool gﬂA L K, 6.3 XeoT 5/
AR /X/,,- s R C/

‘—  Now let us try to formulate the cond&tions that are required in order

that a maximum efflciency be attajned. We have seen that the material
must have a maximum value of z: & "/ up to the Xx highest possible
temperature Ty of the source of heat.

To this end it required that:

ls The phonons' share of the thermal conductivity of the semiconductors
must be a minimum. It can be agticipated that this requirement is best
met by substances ® with a low Debye tempera ture consisting of heavy and
weakly bound m#lecules. The value of X pn can be afditimwmaXx¥yx additionally
reduced by the introduction of a foreign substance and the formation of
s0lid solutions, provided the foreign substances do not simultaneously
diminish the electron mobility to the same extent.

2. The mobility of the carriers (electrons or holes) must be a
maximum while condition No. 1 is maintained. It is desirable that the
mobility is not too str¢ngly decreased by the introduction of the foreign
substance that increases the electric conductzvity(?’ This condition is
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best fulfilled by atomic or molecular lattices with predomimantly
acoustical oscillations in the thermal spectrum. The mobility can be
somewhat increased by careful annealihg, possibly also by adding such

foreign atoms that fill in vacancies and thus partially eliminate impxxfnxxii
“imperfections of the lattice. . . - _

3., One branch of the thermocouple must have a pure p=type con-

* duction, the other a pure n-type conduction. ©@¥g@é& semiconductors should ¥

be used that have a small ionization energyal and such a width of the

- forbidden zone that up to the temperature T, the concentration of carriers
. virtually is only determined by the foreign atoms. Only when they have a

great ration of mobility of eléctrons and holes, semiconductors with a

- narrow forbidden zone may be x used.

4, The elecitron concentration must be such along the entire length
of the thermocouple from the temperature T4 to the temperature T, that
m.:/72(1+v§£ﬁ microvolts/degree in ali sections with the respective
temperatures. This is best accomplished by varying the doping with lo-
cation or by assembling the thermocouple from various parts. In the low-
temperature range the doping must be smaller than in th€ high-tempera=-

tugy range because for a given v T, X /<@ a function of the ratio
e :
. ” [ . .

5. An important precondition for a material's suitability is its
resistance against chemical attack, especially oxidation, and adequate
mechanical strength and elasticity that prevent destruction of the
thermocouple by stresse L

6. In addition to materials for the two branches a material for the
bridge joining the two branches must be found. ZThis metal must not
produce any additional electric resistance at the areas where it is in
contact with the semiconductors, nor may it introduce any additional

gtress. :

tTwe

" #¥The last um oW requirements are of special significance in

thermobatteries. With a thermoelective force of 172 migrovolts/deéree
in each branch and with a temperature difference of 300Y each element
generates about 0.1 volt. So, thousand elements must be conneéted in

" geries for a 100«volt battery. Deformations hence must be rendered

innocuous by elastic linkages between the elements of the bdkery and
the source of heat and/or the cooling. —~ —

v .
4., Yaoum - Thezmocouplss. The main reason for the poor efficency of
semiconductive therenocouples is the heat transfer m from the hot to the
cold end by conduction. dJointly with the heat transfer through heat waves
(phonons) the scatter of electrons in a smeéiconductor and the transfer of
the energy picked up by election during its free path to the lattice )
produce an unfavorable ratiof of mobility to thermal conductivitye -

LN
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.+ Because of these viewpoints a thermocauple would be of interest which
is based on the thermal emission of electrons into ax a vacum. Such gener-
ator of electric energy could consist of a series of sheets having a high
temperature T, arranged in a vacuum opposite another series of parzkxmdxxx
sherkxpgxx parallel sheets having a low temperature T5. The thermal
enission xhm does so much increase with the temperature that already with
~a temperature differenc 7, - 7, >.200C the m emission of the sheets with
the temperature T canm virtually be neglected against the Emx emission of
e the hot sheets. A thermoelectric voltage is produced in this system by
N the difference of kinetic energies. The amperage is restricted by the

space charge that occurs. This space charge is the = main obstacle that
¢ must be overcome in the development of vacuum-thermogenerators.

—

- Here the thermal conductivity of the lattice is replaced by the
transportx of heat via the vacuum through radiation, Yet, if one takes
into account the fact that thermal emissivity is restricted to one or two
atomic layers, i.e. to a surface layer about /0 7 centimeters thick, while
~the emission‘§nd reflection of inf#ared takes place withing a Xax layer
about o2 - /07 centimeters thick, surface with a high emission of
electrons and a low emission of light can be created.

‘Rgflectivities up to 95 to 97 per cent can be attained which
signifies an equivalent diminution of the emissivity. The detrimental
heat /transfer, the main reason for the losses in semiconductive thermo-
BEEEX couples, hence can considerably be diminished -in vacuum thermogener-
ators.

. 'é Natpraily a vacuum generator can only be operated at high temperatures
¢ *xceeding 9009K. It would not make sense to reduce the temperature Io for
\viflow the 1imit at which the emission of electrons almost diamappears.

, With /,= /000" kK  and /- = 7&'R the thermodynamic efficiency is 30
-per cent and the overall efficiency of tge battery 10 ber cent. The
temperature difference from 7009K to 300K canbe utilized additionally
. by a semiconductive thermocoupde with an efficency of 10 per cent, yield-
“-ing a total efficency of 20 per cent.

" Buch device has a favorable energy balance, as with its help the .
efficiency can be greatly improved. Whether or not sources of hcat of high
temperature can be utilized for practical purposes by combining a semi- -
conductive thermocouple with an electronic generator depends on the specific¢
power of this generator, it size and its studiness; all these factors are
closely related with the attainable density of the emission current.
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